S_n.mary Important differences exist in the responses to photodynamic agents of normal and tumour-derived pancreatic acinar cells. In the present study amylase release has been used to assess the mechanisms by which the photodynamic drugs tetra-and disulphonated aluminium phthalocyanine (A1PcS4, AlPcS,) act on pancreatic cells via energy and calcium-dependent activation and transduction pathways. The photodynamic release of amylase was found to be energy dependent and inhibited by the chelation of free cytoplasmic calcium but not by the removal of extracellular calcium. In contrast to their effects on normal acinar cells, the photodynamic action of AlPcS4 and AIPcS2 was to inhibit amylase secretion from pancreatoma AR4-2J cells. Removal of extracellular calcium reversed this inhibitory efect on AR4-2J cells and produced a significant increase in amylase release, but chelation of free cytoplasmic calcium did not affect the inhibitory photodynamic action of the phthalocyanines on amylase release from the tumour cells. Overall, these results demonstrate further important distinctions between the photodynamic action of sulphonated aluminium phthalocyanines on normal versus tumour exocrine cells of the pancreas and indicate that calcium plays an important role in photodynamic drug action, since these agents affected intracellular calcium mobilisation at some distal point in the membrane signal transduction pathway for regulated secretion. Furthermore. the photodynamic inhibition of constitutive secretion in tumour cells may involve a calcium-dependent membrane target site or modulation of membrane calcium channels by activation of protein kinase C.
The phthalocyanines form a new and important group of compounds for the generation of singlet oxygen and use in photodynamic therapy (PDT). Many are selectively taken up in tumour tissue (Spikes, 1986) , absorb photon radiation strongly at the red end of the spectrum (650-700 nm) and generate a high quantum yield of the excited triplet state with an extended triplet lifetime, all features of importance in the activation of ground-state oxygen for photodynamic action on pancreatic exocrine cells (Matthews & Cui, 1990a,b; AlLaith et al., 1993a,b) . It is also now well established that stimulation of pancreatic acinar cells by receptor agonists occurs via a dual-signalling transduction pathway (Williams & Blevins, 1993) , whereby receptor activation via G-proteins initiates the hydrolysis of phosphatidyl 4,5-bisphosphate (PIP2) by membrane-located phospholipase (phosphoinositidase) C to yield the twin intracellular second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (1P3). The IP3 then increases the free cytosolic calcium by release of ionised calcium from intracellular stores, and this in turn triggers the secretion of enzymes, including amylase, by regulated exocytosis from a preformed store of zymogen granules.
The second product of PIP, breakdown, DAG. activates endogenous protein kinase C to phoshorylate specific intracellular proteins which can modulate the IP3-calcium pathway (Berridge, 1987; Rogers et al., 1988) . Increased levels of intracellular calcium may also activate phospholipase A, (PLA,) with the release of arachidonic acid and its metabolites. In fact, we have shown recently that upon light activation sulphonated aluminium phthalocyanine will induce arachidonic acid mobilisation and prostaglandin E, (PGE2) production from dispersed, perifused rat pancreatic acini (AlLaith et al., 1993a,b) . However, we also demonstrated pari passu an important distinction between these processes and the initial photodynamic release of amylase from the acini which appeared to involve a rapid activation of the signal transduction pathway and the release of intracellular calcium rather than being dependent simply upon a membrane permeabilisation process.
In the present investigation amylase release has been utilised as a readily measured parameter for assessing the extent to which photodynamic drugs act via energy and calcium-dependent cellular signalling and second-messenger transduction mechanisms. It was important also to carry out similar experiments on the pancreatoma cells of the AR4-2J cell line because although these cells retain certain characteristics of the differentiated phenotype. expressing secretagogue receptors and possessing dual-signalling pathways, as well as containing amylase and other exocrine enzymes (Jessop & Hay. 1980 : Gallacher et al., 1990 . they secrete much of their enzyme content via a constitutive process (Kelly, 1985 : Swarovsky et al., 1988 . We have shown already that photon-activated phthalocyanine has functionally distinct effects on the constitutive secretion of amylase by these tumour cells and on that of amylase secretion via the regulated secretory pathway of normal pancreatic cells (Matthews & Cui. 1990a,b) . Furthermore, in contrast to normal cells (Hurley & Brinck. 1990) , pancreatic tumour cells possess voltage-dependent calcium channels (Gallacher et al.. 1990; Kusano & Gainer, 1991a,b) , and calcium influx through these channels in the plasma membrane can be selectively controlled by the activation of protein kinase C (Gallacher et al., 199%) . The objective of the present study was therefore to examine the role of calcium and the participation of signal transduction mechanisms in the release of amylase from normal pancreatic acinar cells and from tumour cells of the AR4-2J cell line when stimulated with light-activated phthalocyanines. We have also taken advantage of the availability of the tetra-and disulphonated derivatives of aluminium phthalocyanine, which differ in their lipophilic properties (Berg et al.. 1989) . in order to compare the photodynamic potency of the two compounds on pancreatic cells. Some results of this study have been briefly reported (Al-Laith & Matthews. 1992 . 1994 described previously (Matthews & CWii, 1990b) . AR4-2J cells, a cell lne derived from an a ine uced carcinoma of the pancreas in the rat (Longnecker et al., 1979) Previous experiments have shown that membrane-bound chloroaluminium phthalocyanine sulphonate (Matthews & Cui, 1990a.b) , which is a mixture of the di-,tri-and tetrasulphonate, upon light activation elicits rapid release of amylase from perifused rat acnar cls. We now report that the resolved AlPcS2, which is more lipophiLic and can therefore bind to the cell membrane with greater affinity than A1PN4, (Berg et al., 1989) , is more potent in inducing amylase release from perifused pancreatic acini. The ratio of amylase release taken from the peak value relative to the basal output at 70min was in the case of AIPcS2 11.75± 1.08, and for AIPcS4 was 7.01 ± 0.41 (Figure la and b) . On this basis the molar potency of the disulphonate is 1.7 times that of the tetrasulphonate.
Effect of metabolic inhibitors
Acini were exposed to the metabolic inhibitors antimycin A (Iq1M), oligomycin (5*tM) and 2-deoxy-D-gucow (1 mM) for 20 min before activation by light or by an agonist.
These metabolic inhibitors had no effect on the spontaneous release of amylase (Figure ld) . However, amylase relase induced by both light-activated AIPcS, and by AIPcS2, was decrea signifintly (P<0.01) by >70%, i.e. from 7.01 ±0.41 to 1.98 ±0.5 and from 11.75± 1.08, to 3.30 ±1.08 respectively, in the presence of the metabolic inhibitors ( Figure inhibited in the presence of the metabolic blockers ( Figure  Ic) .
Effect of BAPTA-AM and of Ca-free medium
Omitting extracellular Ca 2 from the perifusion buffer had no effect on amylase release from rat pancreatic acin induced by photon activation of AlPcS2 or A1NS4, but depleig the free intracellular Ca2+ by treating the cells with BAPTA-AM (5#LM) for 20 min before cell activation did inhibit signifantly the release of amylase induced by A1PS2, from 11.75± 1.08 to 3.24± 0.63 (P<0.01) (Figure 2b) , and by AIPcS4, from 7.54 ± 0.65 to 2.97 ± 0.24 (P<0.01) ( Figure   2a ). BAPTA-AM itself had no effect on the basal output of amylase (Figure 2d) . In contrast to the lack of effect on amylase rekase induced by light activation of A1PcS2 and AlPcS4, the release of amylase by bethanechol (1 mm) was significantly reduced from 5.01 ± 0.59 to 2.08± 0.29 (P>0.01) when Ca'+ was omitted from the perifusion buffer.
BAPTA-AM was also effective in blocking the amylase release induced by bethanechoL i.e. from 5.01 ± 0.59 to 0.98 ± 0.04 (Figure 2c ).
AR4-2J cells: photodynanic effects of AJPcS2 and AIPcS4
The photodynamic effects of phthalocyanine on AR4-2J cells clearly differ from those on normal pancreatic cells (Matthews & Cul, 1990a,b) . We report here the photodynamic action of the resolved phathalocyanines A1PcS2 and AlPcS4 on this cell line. In fact, on exposure to AIPcS2 (l(OM) the disulphonate was twice as potent in inhibiting amylase (Figure 3a) . or to AIPcS. (Figure 3b) Cui, 1990a,b; Rosenthal, 1991 (Specht & Rodgers. 1991) .
Amylase release from rat pancreatic acini elicited by cholinergic and peptide receptor agonists is known to be both energy and calcium dependent (Bauduin et al.. 1969; Pandol et al.. 1987; Marty. 1991 partially inhibited receptor-activated amylase release. it had no effect on amylase release evoked by photodynamic drug action. This indicates that photodynamic agents may be acting at some more distal (but energy-dependent) point in the signal transduction pathway. thereby causing a more persistent release of calcium from intracellular storage sites located close to the plasma cell membrane and possibly also blocking the reuptake of calcium into the store or affecting its efflux across the cell membrane. Some support for this interpretation comes from the demonstration in lymphoma cells of phthalocyanine-induced Ca-+ release from internal stores triggered by IP3 (Agarwal et al.. 1993) .
For direct comparison with normal cells of the rat pancreatic acinus we have used tumour cells of the AR4-2J cell line. This relatively undifferentiated cell line was cloned originally from an azaserine-induced rat pancreatic tumour (Longnecker et al.. 1979) . AR4-2J cells contain amylase and other enzymes characteristic of cells of the exocrine type (Jessop & Hay. 1980) . but release them primarily via a constitutive pathway. with very little release occumng through a 'regulated' granule pathway as in normal acinar cells. This was confirmed in the present experiments. in which we have found stimulation of the AR4-2J cells with CCK-8. bethanechol or substance P to produce only a small. approximately 2-fold. increase in amylase release which will be superimposed on a high basal constitutive release (Cui. 1989) .
A further important distinction between normal and tumour cells is that over a wide. 100-fold. concentration range (0.1 10gM) the photodynamic effect of the phthalocyanines on the AR4-2J cells was to inhibit amylase release rather than to increase it. a difference we have reported previously (Matthews & Cui. 1990a.b) . We have also established in the present study that light activation of membrane-bound AlPcS. is more effective than AlPcS in inhibiting the release of amylase. again with a molar potency ratio of approximately 2 (see above). Surprisingly. this photodynamic inhibitory action was overcome by the removal of extracellular calcium. Photon irradiation of the AR4-2J cells after exposure to either Al PcS. or Al PcS4 in the absence of extracellular calcium reversed the inhibitory effect and produced a small but rapid initial increase in amylase release.
The photodynamic inhibition of amylase release is evidently dependent on extracellular but not intracellular calcium because it was not blocked bv BAPTA-AM. However.
BAPTA-AM did block the reversal of the photodynamic inhibition because no stimulant effect was observed. Thus. any stimulant photodynarmic action in AR4-2J cells is dependent on intracellular calcium (as in normal cells) and is only revealed by removal of the photodynamic inhibition of amylase release. which predominates unless extracellular calcium is omitted. This small stimulant photodynamic effect seems to mimic the release of amylase produced by agonists.
e.g. CCK-8. presumably by inducing intracellular calcium release and consequently the release of amylase from a limited store via the regulated pathway because the effect was not seen in AR4-2J cells treated with BAPTA-AM. Stimulation of AR4-2J ceUls by receptor agonists is known to initiate a transient rise in intracellular calcium. but to sustain this increase some extracellular calcium is also required (Bird et al., 1991) as it is also in normal cells (Hurley & Brinck, 1990 although not the only. explanation for these results is that the target for inhibition of the high basal constitutive secretion by photon activation of the photodynamic agent and the generation of reactive species, especially singlet oxygen, is a calcium-dependent membrane site. Alternatively, in the presence of external calcium, photodynamic activation may cause an excessive influx of calcium which inhibits constitutive secretion. A protein kinase C-mediated opening of the voltage-sensitive calcium channels found in AR4-2J tumour cells, but not in normal cells, may contribute to such an action because a modulatory effect on these channels in AR4-2J cells of protein kinase C has been identified (Gallacher et al., 1990 ) and in other cell types oxidative reactions have been found to activate the regulatory domain of protein kinase C (Gopalakrishna & Anderson, 1989) and to increase influx through voltage-operated calcium channels (Josephson et al., 1991) . If this explanation is correct it leaves open the question of why BAPTA-AM fails to oppose the photodynamic inhibition of constitutive amylase release unless the influx is sufficient to overwhelm a limited intracellular pool of BAPTA. Resolution of this possibility must await the application to pancreatic cells of any analysis of photodynamic calcium influx and mobilisation by fluorimetric techniques which have provided useful information about photodynamic drug action in other cell types (Ben-Hur et al., 1991; Ben Hur & Dubbelman, 1993) .
Finally, it is important to consider the functional and therapeutic implications of the differential action of photodynamic drugs on normal versus tumour cells that we have previously observed (Matthews & Cui, 1990a,b) 
